Ge X, Lu Y, Leung T, Sørensen ES, Nieto N. Milk osteopontin, a nutritional approach to prevent alcohol-induced liver injury.
gut; inflammation; osteopontin; steatosis COMPELLING EVIDENCE SUGGESTS that the gut-liver axis is associated with alcohol-induced liver injury, both in patients and in experimental animal models of alcoholic liver disease (ALD) (46) . Indeed, gastrointestinal permeability is higher in alcoholics than in normal subjects (30, 31) . Alcohol consumption disrupts the intestinal epithelial barrier function via direct effects of ethanol or acetaldehyde, its metabolite (21) . Ethanolinduced leaky gut results in translocation of gram-negative bacteria from the intestinal lumen into the portal blood, elevating lipopolysaccharide (LPS) levels and triggering significant inflammation and liver injury (8, 29, 33, 46) . Mice harboring a genetic deletion in the LPS signaling pathway are resistant to alcohol-induced liver injury, thus confirming the role of gut-derived LPS in eliciting alcohol-induced liver damage (26, 47, 52) . Likewise, intestinal decontamination with nonabsorbable antibiotics reduces plasma LPS and prevents experimental ALD (2, 19, 20) .
Anti-inflammatory treatment with corticosteroids is the only intervention demonstrated so far to improve outcome in alcoholic individuals. Patients with ALD often present chronic malnutrition with underlying liver disease worsening their prognosis. The most effective therapy for ALD is alcohol abstinence; however, for patients with severe forms of ALD such as alcoholic hepatitis and for those who do not achieve full alcohol abstinence, targeted therapies are urgently needed. Given the incidence of ALD and the increasing mortality rate, there is a pressing need to develop novel, inexpensive, and simple therapeutic interventions, perhaps using accessible nutritional approaches for slowing down and/or preventing disease progression.
Osteopontin (OPN) is a soluble cytokine and a matrixassociated protein present in the majority of tissues and body fluids (41) . The concentration of OPN in human milk, umbilical cord, and infants' plasma is very high compared with that found in tissues or in adults, suggesting potential immunomodulatory and protective actions (36, 37) . Milk OPN (m-OPN), which undergoes significant posttranslational modifications and proteolytic processing (9 -11, 42) , has been identified as gut-protective by maintaining the epithelial barrier function, providing mucosal defense in addition to opsonizing bacteria for phagocytosis, hence promoting host defense (37, 49) . OPN knockout (Opn Ϫ/Ϫ ) mice are impaired for clearing intracellular pathogens (3) , and studies using an acute colitis model show exacerbated tissue destruction and reduced repair in Opn Ϫ/Ϫ compared with wild-type (WT) mice (15) . Administration of exogenous OPN protected from the adverse effects of experimental colitis (15) . Reports of increased OPN in plasma, as well as in the epithelial and submucosal layers of the intestine in inflammatory bowel disease and in short bowel syndrome, indicate that OPN plays an important function in protecting mucosal surfaces (25, 44) . Thus, dietary supplementation with m-OPN could emerge as a possible nutritional strategy to protect from alcohol-induced liver injury.
We hypothesized that m-OPN could target the gut-liver axis protecting the gut by maintaining the integrity and the permeability of the epithelial barrier, blocking the translocation of enteric gram-negative bacteria into the liver, preventing sepsis and the LPS-mediated effects in the liver such as the increase in tumor necrosis factor-␣ (TNF-␣), and as a consequence protecting from and/or delaying alcohol-induced liver injury. Thus, the overall goal of this work was to investigate how m-OPN averts alcohol hepatotoxicity and to determine whether administering m-OPN could be a useful strategy for preventing and/or slowing down ALD.
MATERIALS AND METHODS
General methods. Alcohol, alanine aminotransferase (ALT), aspartate aminotransferase (AST), and triglycerides (TG) were analyzed using kits (Pointe Scientific, Canton, MI). LPS was measured using the chromogenic Limulus amebocyte lysate kit (BioWhittaker, Walkersville, MD). Western blot analysis for OPN was performed as previously (48) using the 2A1 OPN antibody (Ab) donated by Dr. D. T. Denhardt (Rutgers University) (28) . The cytochrome P-450 2E1 Ab was provided by Dr. J. M. Lasker (Puracyp, Carlsbad, CA), and the Abs for alcohol dehydrogenase, cytokeratin-19, hedgehog (Hh), Gli-1, Gli-2, and calnexin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The Abs for zonnula occludens-1 (ZO-1), claudin-5, E-cadherin, and occludin were from Invitrogen (Carlsbad, CA). The enhanced chemiluminiscence reaction was developed using a Fujifilm LAS-4000 scanner and quantified with Image-J software. To measure bacterial growth, 25 mg of crushed livers, colons, jejunums, and ileums were plated onto LB-Agar dishes and incubated for 24 h at 37°C following which pictures were captured. Enteric bacteria were incubated with 100 g/ml m-OPN for 15 min after which they were plated onto LB-Agar dishes and incubated for 24 h at 37°C. Details on general methodology can be found in previous publications (13, 28, 34, 35, 48) . To measure gut permeability, a small molecule (FITC-Dextran, 3 kDa; Sigma, St. Louis, MO) was gavaged 3 h before the mice were killed, and fluorescence was measured in plasma. Human epithelial colorectal adenocarcinoma cells (Caco-2) were obtained from the American Type Culture Collection (ATCC, Manassas, VA).
m-OPN. m-OPN was purified from bovine milk by anion-exchange chromatography as described elsewhere (43) (U.S. Patent 7,259,243). The m-OPN used is Ͼ97% pure OPN as analyzed by Edman sequencing, RP-HPLC, and MS analysis. Bovine m-OPN has been thoroughly characterized with respect to modifications and the fragmentation pattern (42) . The preparation used in the current study is glycosylated and phosphorylated. It contains 28 phosphorylation sites, which are phosphorylated by 90 -100%. Likewise, the five O-glycosylation sites are fully occupied (42) . The form of bovine m-OPN used is significantly processed by the endogenous milk protease plasmin. A significant part of the OPN is present as the NH 2-terminal fragment representing residues 1-145/147, which is in accordance with the way OPN is found in milk.
Induction of liver injury. For the ethanol-feeding model, we used the commercially available control and ethanol Lieber-DeCarli diets (Bio-Serv, Frenchtown, NJ), which are equicaloric and have the same composition with respect to fat (42% of calories) and protein (16% of calories). The content of carbohydrates is 42% of total calories (dextrin-maltose) in the control diet and 12% of total calories in the ethanol diet, where up to 30% of carbohydrate calories are replaced by ethanol (32) . Female C57BL/6J WT (10 wk old, ϳ25 g of body wt; Jackson Laboratories, Bar Harbor, ME) were adapted to the liquid diet regime by feeding them the control diet for 3 days. The percentage of ethanol-derived calories was progressively increased from 10% (1 wk) to 20% (1 wk) and to 30% (1 wk). Mice were pair-fed, and body weight was monitored throughout the entire experiment. Mice consumed an average of 10 ml of diet/day. Water intake was similar in both groups as it was incorporated into the liquid diet. One-half of the mice received m-OPN in the diet. m-OPN was dissolved in water and incorporated into either the control or the ethanol diet at a concentration similar to the concentration in human milk (200 g/ml) (14, 36) . Female C57BL/6J Opn Ϫ/Ϫ mice (10 wk old, ϳ25 g of body wt; Jackson Laboratories) were used to evaluate the protective effect of m-OPN under alcohol feeding. LPS-free bovine serum albumin was used to correct for exogenous protein intake in both control groups. All animals received humane care according to the criteria outlined in the Guide for the Care and Use of Laboratory Animals prepared by the National Academy of Sciences and published by the National Institutes of Health. Protocols were approved by the Mount Sinai School of Medicine Institutional Animal Care and Use Committee.
Pathology. The entire left liver lobe as well as the stomach, duodenum, jejunum, ileum, and colon were resected and fixed in 10% neutral-buffered formalin and processed into paraffin sections for hematoxylin and eosin (H&E) or immunohistochemical (IHC) staining. Blind analysis according to the Brunt classification (27) was used to determine the pathology scores. Ten ϫ100 fields were examined for necroinflammatory activity, which was scored as follows: 0 for none, 1 for Ͻ2 foci per ϫ100 field, 2 for 2-4 foci per ϫ100 field, 3 for 5-10 foci per ϫ100 field, 4 for Ͼ10 foci per ϫ100 field. The density of the necroinflammatory activity was also calculated per square millimeter over ϫ100 fields. Ductular reaction was evaluated according to Clouston et al. (12) . Livers were also embedded in optimum cutting temperature compound, sectioned at 5 M, and stained with oil red O followed by morphometric assessment of the positive area. Blind analysis according to Eaton et al. (18) was used to determine the inflammation score for the stomach and the gut segments. Image-Pro plus 7.0 Software (Media Cybernetics, Bethesda, MD) was used to measure villus height, crypt depth, and to calculate gland height. A picture of the stage micrometer was collected under ϫ100 magnification and imported into IPP 7.0 software; pictures from the tissues were collected at the same magnification and resolution as the stage micrometer. With the use of IPP software, the pixels from villus height and crypt depth were compared with the pixels from the stage micrometer, and the villus height, crypt depth, and gland height were calculated. Cell proliferation was assessed on Ki67 IHC followed by morphometric assessment.
Immunohistochemistry and special staining. The 2A1 OPN Ab was used on IHC and was previously tested in livers from Opn Ϫ/Ϫ mice in C57BL/6J and 129sv genetic background to ensure specificity (data not shown) (28, 48) . The Abs for 3-nitrotyrosine (3-NT) and 4-hydroxynonenal (4-HNE) were from Chemicon. The Abs for Ki67 and TNF-␣ were from Millipore (Billerica, MA) and Fitzgerald (Acton, MA), respectively. Immunochemical reactions were developed using the Histostain Plus detection system (Invitrogen). The Abs for ZO-1, claudin-2/5, and occludin (rabbit IgGs; Invitrogen) were used on immunofluorescences on frozen sections followed by Alexa-594-conjugated goat anti-rabbit IgG secondary Ab (Invitrogen). Naphtol AS-D chloroacetate esterase (NASDCA; Sigma) was used for in situ detection of neutrophils (22) . Alcian blue periodic acid-Schiff (AB-PAS) staining was used to detect glycogen, mucin, and other Fig. 1 . Milk osteopontin (m-OPN) preserves the stomach, duodenum, and jejunum architecture under ethanol consumption. Wild-type (WT) mice were fed 3 wk either the control or the alcohol Lieber-DeCarli diet alone or in combination with 200 g/ml m-OPN. Hematoxylin and eosin (H&E) staining from the stomach showed more erosion (arrow) in alcohol-treated than in cotreated mice (A). Structural changes were quantified as villus height, crypt depth, and gastric gland height (B). H&E staining showed more erosion (arrow) in the duodenum and jejunum in alcohol-treated than in m-OPN-cotreated mice (C and E). Structural changes in the duodenum and jejunum were quantified as villus height, crypt depth, and gland height. Crypt cell and enterocyte proliferation were quantified on Ki67 immunohistochemistry (IHC). The inflammation scores are also shown (D and F); n ϭ 6 mice in each group. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001 for any alcohol-treated group vs. its own control. P Ͻ 0.05, P Ͻ 0.01, and P Ͻ 0.001 for any m-OPN treated vs. its own control. http://ajpgi.physiology.org/ polysaccharides. For computer-assisted morphometric assessment, the integrated optical density was calculated on 10 random fields/section containing similar size portal tracts or hepatic veins at ϫ100 and using Image-Pro 7.0 Software. Ki67, NASDCA, and TNF-␣ staining was quantified by counting the number of positively stained cells on 20 random fields/section at ϫ200.
Statistical analysis. Data were analyzed by a two-factor analysis of variance, and results are expressed as means Ϯ SE (at least n ϭ 6).
RESULTS

m-OPN preserves the stomach and gut architecture under ethanol consumption.
In an effort to dissect whether the protective action of m-OPN from the noxious effects of alcohol involved structural adaptation, we determined the changes in the stomach and gut architecture induced by ethanol feeding and evaluated whether these effects were prevented by administration of m-OPN. First, samples from stomach were scored for villus length, crypt depth, and gastric gland height as indicators of increased absorptive area. H&E staining revealed increased villus height, crypt depth, and gastric gland height in cotreated mice compared with ethanol-fed mice (Fig. 1, A and B) . Thus, m-OPN protected the stomach from alcohol-mediated structural changes.
The mucosal epithelium serves as a barrier between the microbiota and the gut lumen (16) . Breakdown of the barrier function leads to infiltration of bacteria and luminal noxious agents triggering inflammation (1) . Consequently, next we assessed the extent of ethanol-mediated injury in the intestine and the potential protective effects of m-OPN. H&E staining from the duodenum showed greater villus and gland height in cotreated vs. ethanol-treated mice (Fig. 1, C and D) . This was accompanied by enhanced crypt cell and enterocyte proliferation as quantified on Ki67 IHC and by lower macrophages, plasmacytes, lymphocytes, and neutrophils in the mucosa and submucosa in alcohol-fed mice (Fig. 1D) . Likewise, the jejunum presented enhanced crypt depth and enterocyte proliferation (Fig.  1 , E and F) in cotreated vs. ethanol-treated mice along with a slight improvement of the inflammation score (Fig. 1F) . Hence, the data indicate a protective role of m-OPN in preserving the gut architecture and in preventing inflammation.
m-OPN maintains tight-junction protein expression under ethanol consumption. Although no significant differences were observed in the H&E staining from ileum and colon (data not shown), we speculated that perhaps functional adaptation might have occurred. Tight junctions are scaffolds of various transmembrane proteins and adaptor proteins that cross-link junctional membrane proteins to the actin cytoskeleton as well as to intracellular signaling components. When tight-junction proteins remain intact, they prevent both uptake of macromolecules and translocation of bacteria and enteric bacterial products to the mesenteric lymph nodes and to the liver via the portal vein. Chronic ethanol drinking increases microbial proliferation and acetaldehyde, a biproduct of ethanol metabolism, and opens intestinal tight junctions (4, 5, 38, 40) , thus enhancing LPS levels in portal blood, with subsequent transport to the liver triggering hepatotoxic effects. Several studies indicate a central role for acetaldehyde in disrupting gut integrity; however, nothing is known on the potential protective role of m-OPN in preventing the increase in gut permeability by ethanol.
To dissect whether m-OPN secures tight junctions, we performed immunofluorescence for tight-junction proteins. Ethanol-treated mice showed loss of ZO-1, occludin, and claudin-5 expression in colon and of occludin and claudin-5 in ileum, whereas m-OPN helped maintain the expression of these proteins in mice cotreated with ethanol (Fig. 2, A and B) . No differences were observed in claudin-2 expression in colon (Fig. 2C) and ileum (data not shown) . To validate the protective role of m-OPN, Caco-2 cells were cotreated with ethanol in the presence of m-OPN. Coincubation with m-OPN preserved the expression of ZO-1, E-cadherin, and occludin ( Fig.  2D ) and enhanced cell proliferation (data not shown). Although the Hh signaling pathway has been involved in maintaining the expression of tight-junction proteins (51), coincubation of Caco-2 cells with m-OPN did not change the expression of Hh, Gli-1, and Gli-2 compared with controls (data not shown). These results suggest that m-OPN preserves junction structures that seal the paracellular space to preserve the integrity of the mucosal barrier perhaps via mechanisms independent from the Hh signaling pathway.
Because changes in tight-junction protein expression could lead to effects on gut permeability, next we measured translocation or flux of a small molecule from the gut to the plasma. WT mice fed the ethanol Lieber-DeCarli diet were gavaged with FITC-Dextran 3 h before death. There was a significant decrease in gut permeability in m-OPN-cotreated mice compared with ethanol-treated mice (Fig. 2E) , suggesting a protective role for m-OPN.
OPN expression in plasma, liver, stomach, and duodenum. Western blot analysis demonstrated an increase in OPN in plasma and in feces (Fig. 3A) from m-OPN-treated mice. IHC analysis showed similar OPN protein expression in all livers, although there was an increase in the ethanol-fed mice (Fig.  3B, left) . There were OPN ϩ cells in the stomach, colon, and duodenum from both groups of m-OPN-treated mice (Fig. 3B , center and right, and Fig. 3C, left) , which could suggest OPN adhesion to gastric gland cells, enterocytes, or crypt cells that express OPN receptors such as CD44 and integrins (17, 39) . The staining was specific as confirmed by omission of the primary Ab (data not shown). 
Dietary supplementation with m-OPN protects from alcohol-induced liver injury.
Following evaluation of the stomach and the gut, next we examined whether m-OPN protected the liver from the noxious effects of alcohol. Ethanol feeding increased the liver-to-body weight ratio by approximately twofold; however, cotreatment with m-OPN partially blunted this increase (Fig. 4A) . Serum alcohol levels and the expression of cytochrome P-450 2E1 and alcohol dehydrogenase, two enzymes that metabolize alcohol in the liver, were similar in both groups of ethanol-fed mice, hence suggesting that the protective effects of m-OPN were not because of differences in alcohol availability and/or metabolism (Fig. 4B ). ALT and AST activities were elevated by three-and twofold, respectively, in ethanol-treated mice but were lowered to basal values by m-OPN (Fig. 4C) . H&E staining and scoring as well as Western blot analysis for cytokeratin-19 revealed an increase in inflammation and a slight increase in ductular reaction in the ethanol-fed compared with the cotreated mice (Fig. 4, D and  E) . There was a twofold increase in the steatosis grade in ethanol-treated mice that was blunted in cotreated mice ( 4F). Serum and liver TG were elevated in ethanol-treated mice but were lowered by m-OPN (Fig. 4G) . In addition, Opn Ϫ/Ϫ mice presented significant liver injury when fed ethanol compared with WT mice, and this effect was partially prevented by coadministration of m-OPN (Fig. 4H) . Indeed, the steatosis score dropped from 2.2 to 1. Collectively, these findings indicate that m-OPN prevents alcohol-induced liver injury and steatosis as well as other modes of liver damage. Because of the significant role of lipid peroxidation (LPO) end products in the development of alcohol-induced liver injury, next we performed IHC to evaluate for 4-HNE, an ␣,␤-unsaturated hydroxylalkenal produced by LPO in many cells. IHC (data not shown) and morphometric analysis showed greater 4-HNE staining in ethanol-treated compared with cotreated mice (Fig. 5A) . This was also confirmed by measuring LPO end products by thiobarbituric acid reactive substances (data not shown). Hence, m-OPN could protect by preventing alcohol-induced LPO.
Increased expression of inducible nitric oxide synthase contributes to alcohol-induced liver damage. OPN has been identified as a negative feedback regulator of inducible nitric oxide synthase (NOS2) (53) . Increased NOS2, NO˙, and O 2 Ϫ correlate with elevated nitration and oxidation of proteins, a posttranslational modification that causes liver injury. However, whether m-OPN contributes to prevent alcohol-induced liver injury by lowering protein nitration is unknown. Thus, we carried out IHC for 3-NT residues, the footprint of protein nitration (data not shown). The morphometric assessment indicates that m-OPN lowers alcohol-induced 3-NT protein adducts, thus contributing to prevent liver injury (Fig. 5B) .
Ethanol-induced hepatic neutrophil infiltration is reduced by m-OPN. Because alcohol increases neutrophil extravasation contributing to liver damage, we performed NASDCA staining followed by quantitative morphometric assessment. The number of NASDCA ϩ cells (i.e., neutrophils) was enhanced by alcohol feeding, yet it was significantly reduced by m-OPN treatment (Fig. 5C) , hence reinforcing the protective role of m-OPN from alcohol-induced liver injury.
m-OPN preserves liver glycogen along with gastric and intestinal mucin content in cotreated mice. Gluconeogenesis from glycogen is impaired by ethanol consumption (45) . Innate immune responses include increased mucin secretion by goblet cells, which are key components of the first line of host defense against intestinal pathogens. AB-PAS staining and histological evaluation revealed that cotreatment with m-OPN conferred liver, gastric, and intestinal protection compared with ethanolfed mice by enhancing liver glycogen along with gastric and intestinal mucin secretion (data not shown).
Hepatic bacterial growth, LPS, and TNF-␣ expression are decreased by m-OPN in cotreated mice. Because a hallmark of alcohol-induced liver injury is bacterial translocation, which conditions LPS availability and TNF-␣ production (19) , and our data indicated that m-OPN targeted the gut-liver axis preserving tight-junction integrity, next we studied whether bacterial translocation occurred under m-OPN treatment. Bacterial growth was present in crushed livers from ethanol-fed mice, but it was reduced by m-OPN (Fig. 6A) . Moreover, bacterial growth in colon, jejunum, and ileum mucosa, likely a reflection of bacterial adhesion to the mucosa, was also prevented by cotreatment with m-OPN (Fig. 6B) . Enteric bacteria were also incubated with m-OPN before plating them on LB agar, yet bacterial growth was not affected, suggesting that m-OPN does not kill enteric bacteria (Fig. 6C) .
Because bacterial translocation conditions hepatic LPS availability (19) , next we measured LPS levels. Ethanol feeding elevated LPS, and cotreatment with m-OPN significantly blunted the increase in LPS levels (Fig. 6D) . This was also confirmed by measuring bacterial 16S rRNA (data not shown). Because elevated LPS increases TNF-␣ expression contributing to liver injury (5, 7, 50) , to examine whether the protective role of m-OPN involved a decrease in TNF-␣, alcohol-induced hepatic TNF-␣ positive staining was quantified on IHC. More TNF-␣ positive sinusoidal staining was observed in mice treated with ethanol compared with cotreated mice (Fig. 6, E  and F) . Moreover, ethanol increased Tnf␣ and Il-1 mRNA by two-and threefold, respectively, compared with controls, whereas m-OPN lowered these mRNAs to basal levels; however, no major differences were observed in Il-6 mRNA (data not shown). Overall, m-OPN prevented bacterial translocation, LPS availability, and TNF-␣ increase, thus blunting alcohol hepatotoxicity.
DISCUSSION
Key events for the onset and progression of ALD result from the gut-to-liver interaction (46) . Reports of increased OPN in plasma and in the epithelial and submucosal layers of the intestine in inflammatory bowel disease and in short bowel syndrome indicate that OPN plays an important role in protecting mucosal surfaces (25, 44) . Because the concentration of OPN in human milk, umbilical cord, and infants' plasma is very high compared with that found in adults, we hypothesized that dietary supplementation with m-OPN, which is highly posttranslationally modified compared with endogenous OPN (6), could protect from alcohol-induced liver injury resulting The present study proved that oral intake of m-OPN increased plasma, liver, stomach, gut, and fecal OPN levels, preserved gut integrity, and lowered hepatic inflammation and steatosis, the latter three key events in the pathogenesis of ALD (23) . Overall, the data suggest that m-OPN could prevent alcohol-induced injury. We demonstrated that m-OPN blocked the ethanol-mediated effects in the stomach and the upper segments of the intestine since there was improvement in the histopathology scores, increased mucin secretion, and greater gland height. In addition, there was significant enterocyte proliferation and an overall decrease in inflammation in the duodenum and jejunum. alcohol consumption, and maintain tight-junction protein expression; 3) binding of m-OPN to bacteria may prevent their passage through the intestinal lining; and 4) m-OPN could promote epithelial regeneration and/or repair by enhancing enterocyte proliferation. Indeed, studies in an acute colitis model showed exacerbated tissue destruction and reduced repair in Opn Ϫ/Ϫ compared with WT mice (3, 15) . In a follow-up study, the same authors showed that oral administration of a physiological concentration of m-OPN in the drinking water ameliorated the destructive host response in acute colitis (14) .
Moreover, cotreated mice were significantly protected from alcohol hepatotoxicity, and m-OPN protected Opn Ϫ/Ϫ mice that were fed ethanol. Because of the many factors that contribute to the pathogenesis of ALD, alcohol-mediated microbial proliferation, disturbance of gut permeability, and the increase in circulating gut-derived LPS play a central role in the induction of hepatic steatosis and inflammation (5, 46) , and the data clearly indicated protective effects of m-OPN in the gut; we analyzed if the positive effects in the liver could involve a decrease in bacterial translocation. Indeed, bacterial growth and bacterial 16S rRNA were present in livers from ethanol-fed mice, yet they were significantly lowered by coadministration of m-OPN. This occurred along with a decrease in hepatic LPS levels and TNF-␣ ϩ cells in the sinusoids, certainly contributing to prevent liver injury.
The notion that m-OPN could protect from ALD is novel and may prevent alcohol-related effects in other organs as well. This work is original because it suggests an unrecognized, yet effective, therapeutic approach that could protect from alcohol hepatotoxicity. The novelty of the proposed work and the interrelated gaps that were filled in are as follows. First, the elucidation that m-OPN targets the gut-liver axis, protecting the mucosal barrier (preserving tight-junction protein expression and gut permeability) and blocking the translocation of gram-negative bacteria from the gut to the liver thus preventing sepsis, lowering LPS levels, and the LPS-mediated downstream effects in the liver, which could also be informative for other inflammatory diseases. Second is the recognition that m-OPN prevents liver injury by decreasing the LPS-mediated TNF-␣ increase, which could have implications for obesity, diabetes, liver regeneration, and the metabolic syndrome as well. We believe that part of the mechanism whereby m-OPN lowers steatosis is precisely by preventing bacterial translocation and thus the LPS increase in portal blood. This, in turn, prevents Kupffer cell activation and TNF-␣ production, which can benefit the liver preventing the well-documented prosteatotic action of TNF-␣ (24, 54) .
In aggregate, these results suggest a protective role of m-OPN from the hepatotoxic effects of ethanol by targeting, among others, the gut-liver axis and key interconnected events driving ALD, hence addressing important features for disease progression. The results from this study provide novel insight for treating liver diseases associated with alcohol consumption. This effective nutritional therapeutic strategy could be very useful in developing countries and would have significant socioeconomic impact because it addresses an important health-related issue with a very simple and affordable approach provided by Mother Nature.
